Patients and methods: A prospective analysis was conducted to evaluate the association between the dietary intake of AA and ductal adenocarcinoma of the exocrine pancreatic cancer (PC) risk in the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort using Cox regression modeling. EPIC includes >500 000 men and women aged 35-75 at enrollment from 10 European countries. AA intake was estimated for each participant by combining questionnaire-based food consumption data with a harmonized AA database derived from the EU monitoring database of AA levels in foods, and evaluated in quintiles and continuously.
Patients and methods: A prospective analysis was conducted to evaluate the association between the dietary intake of AA and ductal adenocarcinoma of the exocrine pancreatic cancer (PC) risk in the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort using Cox regression modeling. EPIC includes >500 000 men and women aged 35-75 at enrollment from 10 European countries. AA intake was estimated for each participant by combining questionnaire-based food consumption data with a harmonized AA database derived from the EU monitoring database of AA levels in foods, and evaluated in quintiles and continuously.
Results: After a mean follow-up of 11 years, 865 first incident adenocarcinomas of the exocrine pancreas were observed and included in the present analysis. At baseline, the mean dietary AA intake in EPIC was 26.22 µg/day. No overall association was found between continuous or quintiles of dietary AA intake and PC risk in EPIC (HR:0.95, 95% CI:0.89-1.01 per 10 µg/day). There was no effect measure modification by smoking status, sex, diabetes, alcohol intake or geographic region. However, there was an inverse association (HR: 0.73, 95% CI: 0.61-0.88 per 10 µg/day) between AA intake and PC risk in obese persons as defined using the body mass index (BMI, ≥30 kg/m 2 ), but not when body fatness was defined using waist and hip circumference or their ratio.
Conclusions: Dietary intake of AA was not associated with an increased risk of PC in the EPIC cohort.
Key words: acrylamide, cohort, nutrition, pancreatic cancer introduction Pancreatic cancer is the fourth and fifth most common cause of cancer mortality in both sexes combined in the U.S. and European Union, respectively; and 5-year survival rates are among the lowest (<5%) for any cancer [1, 2] . Over 95% are ductal adenocarcinomas of the exocrine pancreatic cancer (PC), here referred to as pancreatic cancer (PC) [3] . At least 20% of the disease is attributable to tobacco smoking [4] . Other PC risk factors include long-standing diabetes, history of pancreatitis, overweight and obesity, non-O blood group, Helicobacter pylori infection and possibly heavy alcohol consumption [5] .
Acrylamide (AA), classified by the International Agency for Research on Cancer 'probably carcinogenic' to humans in 1994 [6] , was discovered as a preparation by-product in some foods in 2002 [7] . Tobacco is also an important source of AA exposure, and smokers have mean AA hemoglobin adducts levels at least three to four times higher than nonsmokers [8, 9] .
AA in certain cooked foods is formed primarily through the Maillard reaction between reducing sugars and asparagines during baking, frying, grilling and other high temperature (>120°C) food preparations [7] . The top AA sources differ across European countries due to differences in dietary habits related to cooking practices as well as ingredients [10] . As a consequence, dietary intake of AA for individuals in populations such as the European Prospective Investigation into Cancer and Nutrition (EPIC) differs by about threefold across 10 countries in the cohort [11] .
AA is metabolized in the body to a chemically reactive epoxide, glycidamide (GA), in a reaction catalyzed by the cytochrome P450 enzyme complex CYP2E1. GA is a known genotoxin and animal carcinogen [12] . Studies in rats and mice have shown that an oral administration of AA increases different types of hormonal and non-hormonal tumor rates [12] .
Three epidemiologic studies have assessed the association between dietary AA exposure and PC risk: two prospective cohort studies, The Netherlands Cohort Study (NLCS) [13] and the Alfa-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) study conducted in Finland [14] , and a case-control study conducted from 1991 to 2008 in Northern Italy [15] . Overall, these studies did not observe any association, but each study evaluated <349 PC cases, and utilized different designs and had different ranges of AA intake.
The present study evaluated the association between the questionnaire-based dietary intake of AA and the risk of PC, using data from 477 308 participants, including 865 PC cases in the EPIC cohort. methods study population EPIC is a multicenter prospective cohort study that includes 521 330 participants recruited between 1992 and 1998 from 23 research centers in 10 European countries (listed in Table 1 ). The methods have been reported in detail by Riboli et al. [16] .
Of the 521 330 participants, a total of 44 022 were excluded because they were diagnosed with cancer before recruitment (n = 23 785), had incomplete follow-up data (n = 4380), no lifestyle or dietary information or information on dietary intake of AA at baseline (n = 6257), or had an extreme ratio of energy intake to energy required (n = 9600), resulting in 477 308 participants for this analysis.
identification of pancreatic cancer cases
Cancer incidence information was assessed through population cancer registries or through a combination of three methods that included: health insurance records, cancer and pathology registries, and active follow-up [16] . Follow-up time was defined as the interval that began at the date of recruitment and ended at the date of last complete follow-up or PC diagnosis or death, whichever occurred first. Forty-five cases were censored because they were neuroendocrine pancreatic tumors (n = 42), a benign tumor (n = 1), a carcinoma in situ (n = 1), or a tumor with uncertain primary origin (n = 1). After a mean follow-up of 11 years, 865 first incident PCs were available for analysis and were classified corresponding to the International Classification of Diseases 10th revision as C25 (C25.0-C25.3 and C25.7-C25.9).
dietary and AA intake assessment Food consumption and baseline alcohol intake in EPIC was assessed at cohort enrollment by country-specific and validated food intake questionnaires. Information on AA levels in food was obtained from the European Community Institute for Reference Materials and Measurements original articles Annals of Oncology (IRMM) database. Methods were based on either liquid or gas chromatography coupled to mass spectrometry. The IRMM database includes AA levels in foods mainly from Austria, Germany, Greece, Ireland, The Netherlands, the UK, and from the food industry.
An inventory of all food items occurring in the IRMM database and the additional sources for the 10 countries included in the present study was made and classified according to EPIC-Soft [17] . The dietary questionnaire (DQ) foods and, when available, their specific description (e.g. 'baked potatoes') were matched with the corresponding foods in the AA database. In general, DQ consumption factors on the proportion of the cooking method for a given food were derived from the distribution of specific foods (e.g. boiled, fried, or roasted potatoes) using national consumption data [11] . If an exact match was not possible, the item was paired to a mean of all foods of the food group in the AA database. Relevant information on food preparation was available for potatoes (except in Italy), bread, and breaded meats. The main determinants of dietary intake of AA in the EPIC cohort based on 24-h dietary recall (24HDR) were bread, crispbread, rusks, coffee, potatoes, cakes, biscuits, and cookies [11] .
lifestyle information and covariates assessment
Information on lifestyle factors was collected at cohort enrollment using lifestyle questionnaires [16] . Baseline height, weight, and waist or hip circumference were measured by trained personnel according to the standardized procedures [18] , except for the majority of the French, Norwegian, and Oxford cohorts, where height and weight were selfreported. Umeå, Norway, and France did not collect data on the waist or hip circumference [16] .
statistical analysis
Two continuous variables for dietary intake of AA were created: average daily AA intake in micrograms per day (here referred to as 'AA intake'), and intake per 10 µg increment of AA (10 µg/day). AA intake was also categorized into quintiles based on the distribution in the entire EPIC cohort.
HRs for AA intake and PC risk were estimated using proportional hazards models (Cox regression) with age as the time scale and stratification by age at recruitment (in 1-year categories), and study center. The following variables were investigated as known risk factors or potential confounders in these analyses: sex, body mass index (BMI, kg/m 2 ), smoking status (never smokers, current pipe or cigar or occasional smokers, current cigarette smokers: 1-15, 16-25, or ≥26 cigarettes/day, former cigarette smokers who quit >20 years, 11-20 years, or ≤10 years before recruitment), history of diabetes (no, yes), alcohol intake (nondrinkers, drinkers of 0-6, >6-12, >12-24, >24-60 g/day, female drinkers >60 g/day, male drinkers >60-96 g/day, and male drinkers >96 g/day), education level (none, primary, technical/ professional, secondary, higher education), physical activity using the Cambridge index [19] , total energy ( per 1000 kcal/day), total fat (g/day), total fiber (g/day), vegetable (g/day), fruits, nuts and seeds (g/day), red meat (g/day), and processed meat consumption (g/day). Covariates of sex, BMI, smoking status, history of diabetes, and alcohol intake remained in models because they changed HR estimates ≥10% or were known risk factors for PC. Total energy intake was included in all statistical models. Total carbohydrate intake and coffee intake were investigated for association with total AA intake; however, since these are sources of AA exposure in the diet, they were not included in multivariable models. Analyses were stratified by smoking status in order to isolate the potential effect of dietary AA exposure from smoking-related AA exposure on PC risk. Models were also stratified by sex, diabetes status, baseline alcohol intake (nondrinkers, drinkers <24 g/day, drinkers 24-<60 g/day, and heavy drinkers ≥60 g/day), and BMI [underweight/normal weight (<25 kg/m 2 ), overweight (25-<30 kg/m 2 ), and obese (≥30 kg/m
2 )]. Stratified analyses by alcohol intake and BMI were carried out since these factors may affect the activity of CYP2E1 [20] . For analyses by geographic region, countries were classified as north (France, the UK, The Netherlands, Germany, Sweden, Denmark, and Norway) and south (Italy, Spain, and Greece) and by AA intake level: high ≥24 µg/day and low <24 µg/day (Table 1 ). Germany and Sweden had intermediate AA intake levels, so models were run with and without these countries.
We evaluated four variables as measures of overweight and obesity: BMI, waist circumference, hip circumference, and waist-to-hip ratio (WHR).
The median value for each AA quintile was estimated, and these values were used in order to evaluate dose-response trends. Interaction was evaluated using the likelihood ratio test. The proportional hazards assumption was evaluated using Schoenfeld residuals [21] .
The Goldberg criteria, a measure for identifying under-reporters of energy intake [22] , was used with the aim of assessing whether underestimation of self-reported food intake and, as a consequence, energy intake could influence the results. This variable was used in two ways: added as a covariate in Cox models; and to restrict the analysis to those participants who had plausible energy intakes.
To account for the possible influence of preclinical disease on dietary habits and estimates of AA intake, a sensitivity analysis was carried out by excluding the cases diagnosed during the first 2 years of follow-up. Additional sensitivity analyses restricting the cases to microscopically confirmed PC (n = 608 or 70.3%, using any combination of cytology or hematology, histology/cytology of metastasis, histology/cytology of primary tumor, and examination at autopsy) were also carried out.
results
Patterns of dietary intake of AA in the EPIC cohort by country and sex show that the country with the highest mean and median for AA intake in men and women was Denmark, followed by the UK and The Netherlands ( Table 1 ). The country with the lowest mean AA intake in both sexes was Italy. In general, men had higher mean AA intake than women (31.90 µg/day and 0.40 µg/kg body weight/day versus 23.81 µg/ day and 0.37 µg/kg body weight/day, respectively). In the full EPIC cohort, mean AA intake was 26.22 µg/day (0.38 μg/kg body-weight/day) with a standard deviation of 14.79 µg/day (0.21 μg/kg body-weight/day), and the 10th-90th percentile range was 10.25-45.89 µg/day (0.15-0.66 μg/kg body-weight/ day).
The baseline characteristics of total AA intake and covariates used in the analyses are shown in supplementary Table S1 , available at Annals of Oncology online.
Overall, AA intake was not associated with PC risk ( Table 2 ). The HR and 95% CI for BMI (kg/m 2 ) and PC in this model was 1.02 (1.00-1.03). Furthermore, when 87 PC cases diagnosed during the first 2 years of follow-up were excluded from the analysis, no association was found between AA intake and PC (Table 2 ). When the analysis was restricted to microscopically confirmed cases (n = 608), HRs were slightly higher than the null value, but were not statistically significant (Table 2) .
Subgroup analyses were stratified by smoking status, sex, diabetes, EPIC country, BMI, WHR, and baseline alcohol intake. HRs for AA intake and PC risk in never smokers were similar to HR estimates in ever smokers (Table 2 ). There was statistically significant heterogeneity by alcohol intake (interaction P value 0.02), but not by sex or diabetes status at baseline (interaction P value 0.23 and 0.56, respectively). No statistically significant heterogeneity in the relation between AA intake and PC risk was observed between countries classified by geographic location or by AA intake level (all P values >0.23, data not shown).
When the BMI was classified by WHO cut points, the underweight subgroup was analyzed with the normal weight group due to the small sample size. A test for interaction between AA and BMI was statistically significant (interaction P value 0.02). In 64 039 obese participants, AA intake was inversely associated with PC risk (trend test P value 0.0037), although this result was based only on 144 obese PC cases. No associations between AA intake and PC risk were observed in overweight or normal/underweight participants ( Table 2) .
Potential confounders of the AA and PC relation in obese participants were evaluated. Differences, in terms of confounding factors, between the entire cohort and the obese subgroup were negligible (data not shown). The inverse association between AA intake and PC in obese persons by smoking status (never versus ever) was similar to the inverse association observed in all obese persons (data not shown).
Stratified analyses by WHR in quartiles (0.35-0.76, 0.77-0.83, 0.84-0.91, 0.92-1.92), waist circumference in tertiles (<78 cm, 78-91 cm, >91 cm), body weight in tertiles (<63 kg, 63-75 kg, >75 kg), and height in tertiles (<161 cm, 161-169 cm, >169 cm) were also carried out. The results obtained did not indicate effect measure modification by these variables (data not shown).
Sensitivity analyses of the association between AA intake and PC risk in obese participants were carried out. The Goldberg criteria variable was added to Cox models with continuous AA intake ( per 10 µg), and showed a statistically significant inverse association (HR: 0.73, 95% CI: 0.60-0.89). Second, the analysis was restricted to obese participants with plausible energy intake (81cases). Although HRs for AA intake quintiles and PC risk were below unity, they were no longer statistically significant; whereas the continuous variable ( per 10 µg/day) still showed a statistically significant inverse association (HR: 0.78, 95% CI: 0.61-0.98).
We also excluded obese persons from countries and centers that collected self-reported data for height and weight and found no differences (data not shown).
discussion
This study found no overall association between questionnairebased dietary intake of AA and PC risk, even after exclusion of cases diagnosed within the first 2 years of follow-up, and when restricting the analysis to microscopically confirmed cases. We observed suggestive evidence for heterogeneity of the original articles Annals of Oncology association between AA intake and PC risk by BMI; however, when stratified analyses were carried out using the waist and hip circumference or WHR there was no evidence for heterogeneity.
The results presented in this study are in line with previous studies based on food intake questionnaire data and PC risk [13] [14] [15] . An Italian case-control study found no statistically significant associations between AA intake and PC, but reported elevated ORs for some AA quintiles. Both the NLCS and the ATBC cohort studies concluded that AA intake was not associated with PC risk. Similar to our study, an inverse association between dietary intake of AA and PC risk was reported in the Italian casecontrol study, when the analysis was restricted to obese participants, but specific ORs were not reported [15] . In contrast with EPIC results, an elevated relative risk for PC of 1.59 for an increase of 10 µg/day of AA in obese participants (based on 14 cases) was observed in the NLCS study [13] .
BMI is widely used in epidemiology; however, misclassification of participants may occur because muscularity and bone weight are not accounted for. For this reason, other indices of fat accumulation such as waist circumference, hip circumference, and their ratio (WHR) were also evaluated [23] . Nevertheless, it is worth noting that the BMI measures overall body fatness, whereas the waist and hip circumference and WHR are measures of abdominal fatness. When we used these variables instead of BMI, we did not observe any inverse Stratified by age at recruitment and center. Adjusted for total energy intake (per 1000 kcal/day), smoking intensity, diabetes, alcohol intake, and BMI. f Normal weight and underweight: <25 kg/m 2 (underweight <18.5 kg/m 2 , n cases = 5).
g Stratified by age at recruitment and center. Adjusted for sex, total energy intake (per 1000 kcal/day), smoking intensity, diabetes, and alcohol intake. 
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association between AA intake and PC risk. In EPIC, the waist and hip circumference and WHR were better predictors of PC risk than the BMI [24] . In a pooled analysis of cohort studies of PC (Panscan), the BMI was a statistically significant risk factor for PC risk, whereas the WHR was more apparent in women than men (only the highest quartile was statistically significant) [25] . Therefore, the inverse association between AA intake and PC risk in obese persons must be interpreted with caution. The major strength of the EPIC cohort is the prospective collection of exposure and diet information, meaning that recall bias is unlikely since exposure information was collected years before cancer diagnosis. Furthermore, the number of PC cases in our study was considerably higher than in the studies published to date: the Italian case-control study analyzed 326 cases [15] , the NLCS study 349 cases [13] , and the ATBC study 192 cases [14] .
There are some weaknesses in our study. Occupational exposures were not included in the analysis since detailed occupational histories are not available in EPIC. Some food questionnaires used in EPIC centers were not specifically designed to collect information on cooking temperature and cooking methods which have been shown to influence AA levels in foods. Therefore, there may have been some misclassification of exposure because of imperfect dietary assessment methods, and further, dietary reporting errors have been shown to be associated with BMI in EPIC [26] . In addition, we cannot rule out the potential for residual confounding in our analyses, the possibility that some foods that contribute to AA exposure in EPIC were not assessed, and that AA was discovered in food in 2002 (after the time of recruitment). Further, the AA content may vary greatly within the same food items. In order to reduce some variability in questionnaire-based AA intake assessment, all multivariable models were adjusted for total energy intake since some studies have reported that the validity of dietary AA exposure assessment improves after adjustment for total energy consumption [27, 28] . Moreover, the correlation coefficient between AA intake based on food intake questionnaires and on a single 24HDR in EPIC was rather low at 0.17 [28] . This suggests that there may have been errors in our estimates of AA intake, but could also indicate that a single 24HDR is insufficient to assess the dietary intake of AA. Biomarker studies may help to address some of these issues.
In conclusion, the results from this study indicate that dietary intake of AA is not associated with an increased risk of PC in the EPIC cohort. Future research on AA and health with more valid and reliable estimates of dietary AA as well as biomarkers of internal dose should be considered.
